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Outline 
 
 Participants and distribution of tasks in WP 2.2 
 
 Activities 
 
 SFR cladding behavior model assessment 
 
 Interaction of sodium with fast reactor oxide fuels 
 
 Code-to-Experiment and Code-to-Code benchmarking 
 
 Power operation simulation of CABRI fuel pins (GEMINAL V1.4, V1.5, V2.2, SAS-SFR) 
 
 CABRI test simulation (ASTEC-Na V1.1, V2.0, V2.1, SAS-SFR, SIMMER) 
 
 Status of ASTEC-Na fuel pin thermal-mechanical models at the end of the project. 
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WP 2.2 participants and distribution of tasks 
  
Contribution 
(p.m.) 
Task 
Uni. Stuttgart 46 ASTEC-Na assessment 
KIT  38 SAS-SFR feedback 
IRSN  22 
Model development, integration and 
assessment 
JRC  20 
ASTEC-Na, SIMMER assessment & 
Characterization of Fuel-Coolant 
Interaction 
CIEMAT  12 SFR cladding modelling 
EDF  6 Fuel Pin Irradiation Characterization 
AREVA  1 Global Assessment 
WP2.2 resources: 145 person-month = 12 person-year 
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SFR cladding behavior model assessment 
 Scenario: Austenitic SS irradiated cladding submitted to transients 
 Modelling: Cladding plastic behaviour up to failure 
 Flow stress 
 Failure criterion 
 Programming environment: SCANAIR 
 Supported database: 20% CW 316 SS (data from literature) 
 Less parametrized models adapted to SCANAIR 
 Enhancement of flow stress and strain limit models for CW 316 SS 
 Derivation of models for other potential cladding materials (e.g. 15-15 Ti)  
 Data enlargement on the basis of correlations implemented in SAS-SFR supported by CABRI Exp. Programmes 
 
 Publications: 
 F. Feria, L.E. Herranz, “Challenges in mechanical modeling of SFR fuel rod transient behavior”, Annual Meeting 
of the Spanish Nuclear Society, Reus (Spain), 25-27 Sept. 2013. 
 F. Feria, L.E. Herranz, “Mechanical modelling of transient-to-failure SFR fuel cladding”, Annual Meeting of the 
Spanish Nuclear Society, Valencia (Spain), 01-03 Oct. 2014. 
 
 Work performed by: CIEMAT 
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Interaction of sodium with FR oxide fuels 
 In case of a breach in the SS cladding (defective pin): potential interaction oxide fuel - sodium. 
 
 Reaction of metallic coolant with the pin leads to: formation of compounds of lower density and 
thermal conductivity → local swelling, hot spots damaging the cladding further up to a pin failure. 
 
 In the temperature range of fuel during operation, the main reaction product is Na3MO4 where 
M=(U1-xPux). 
 the polymorphism of the nuclear fuel-sodium reaction product Na3UO4 has been revisited  
 the coefficients of linear thermal expansion of the synthesized -Na3.2U0.8O4 phase were estimated (298 to 
1073 K) along the three directions and found much higher than UO2. 
 The oxygen potential threshold for the formation of -Na3PuO4 from liquid sodium and hyperstoichiometric 
Urania was estimated. 
 Na3NpO4 were found to have a different crystallographic structure than Na3UO4. (X-ray diffraction data) 
 
 Identification of many compound in Na-U-O, Na, Pu-O and Na-Np-O systems (studied by X-ray 
diffraction) 
 
 Work performed by: JRC-ITU 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Publication: P. Raison, A. Smith, D. Bykov, R. Konings ??, A. Simth PhD.  
 Work performed by: JRC-ITU 
6 JASMIN Workshop, 19th May 2016, Aix-en-Provence 
Interaction of sodium with FR oxide fuels 
Publications: 
 Structural Properties and Charge Distribution of the Sodium Uranium, Neptunium, and Plutonium Ternary 
Oxides: a combined X-ray Diffraction and XANES study. A.L. Smith et al. Inorg. Chem., 55(4) (2016) 1569-1579 
 Mössbauer spectroscopy, magnetization, magnetic susceptibility, and low temperature heat capacity of α-
Na2NpO4. A.L. Smith et al. Journal of Physics: Condensed Matter, 28(8) (2016) 086002 
 Synthesis and crystal structure investigations of sodium plutonium oxides in  the system Na-Pu-O. D. Bykov et al. 
Journal of Nuclear Materials 457 (2015) 54–62 
 A new look at the Structural Properties of Trisodium Uranate Na3UO4. A.L. Smith et al. Inorganic Chemistry 
54(7) (2015) 3552-3561,  
 Thermodynamic investigation of Na2U2O7 using Knudsen effusion mass spectrometry and high temperature X-
ray diffraction. A.L. Smith et al. Journal of Chemical Thermodynamics, 90 (2015) 199-208 
 Low temperature heat capacity of α-Na2NpO4. A.L. Smith et al. Journal of Chemical Thermodynamics, 617 
(2015) 129-135 
 Low temperature heat capacity of Na4UO5 and Na4NpO5. A.L. Smith et al. Journal of Chemical 
Thermodynamics, 91 (2015) 245-255,  
 Structural investigations of Na3NpO4 and Na3PuO4 using X-ray diffraction and Mössbauer spectroscopy. A.L. 
Smith et al. Dalton Transactions, 44 (2015) 183770-18377,  
 A 23Na Magic Angle Spinning Nuclear Magnetic Resonance, XANES, and High Temperature X-ray Diffraction 
Study of NaUO3, Na4UO5, and Na2U2O7. A.L. Smith et al. Inorganic Chemistry, 53 (2014), 375-382 
 Anna L. Smith's PhD. Structural and Thermodynamic Properties of Sodium Actinide Ternary Oxides. University of 
Cambridge - Churchill College - May 2015 
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Fuel Pin Test Matrix for ASTEC-Na validation 
  Fresh 
Low 
burn-up 
Medium 
burn-up 
High 
burn-up 
  Solid Annular Solid Annular Solid Annular 
Pure LOF   
APL1 
BE+3 
BI1       
Power ramp       E9 BCF1   
TOP A4   AGS0 E7  E6 LT2 
LOF+TOP       
EFM1 
E8 
    
AGS0 E9 LT2 E7 
Type TOP Ramp TOP TOP 
Pmax (Pnorm) 11 (400 ms) 2.3 (120 s) 26 (600ms) 160 (450 ms) 
Pin burn-up (at. %) 2.9 4.6 12.4 4.6 
Pin design Rig-2 OPHELIE-6 QUASAR OPHELIE-6 
Cladding 316 CW 316 CW 15-15 Ti 316 CW 
Test result No failure No failure No failure Failure (467 ms) 
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Benchmarking Activities 
 Importance of the power operation characterization and t0 state: 
 Fission gas retention 
 Fuel/clad gap size 
 Inner fuel radius 
 Clad deformation 
 
 Influence on the transient evolution: 
 Cavity pressure built-up 
 Thermal and mechanical load on the cladding 
 
 Power operation simulation of CABRI pins: 
 RIG-2 pin (AGS0 Test): GERMINAL (V1.4, V1.5, V2.2), SAS-SFR, Exp. data 
 OPHELIE-6 pin (E9, E7 Tests): GERMINAL (V1.4, V1.5, V2.2), SAS-SFR, Exp. data 
 QUASAR pin (LT2 Test): GERMINAL (V1.4, V1.5, V2.2), SAS-SFR, Exp. Data 
  Rig-2 Ophelie-6 Quasar 
Upper axial blanket length (m) 0.1 (solid) 0.2 (solid) - 
Fissile pellet stack height (m) 0.75 (solid) 0.75 (solid) 0.83 (hollow) 
Lower axial blanket length (m) 0.2 (solid) 0.2 (solid) 0.33 (hollow) 
Clad material 316 - CW 316 - CW 15–15 Ti 
Peak burn-up (%) 1 4.8 12.1 
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Fission Gas Behavior during Irradiation 
AGS0 
OPHELIE-6 
OPHELIE-6 
QUASAR 
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Fuel Pin Geometry after Irradiation 
 AGS0 OPHELIE-6 
OPHELIE-6 QUASAR 
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Assessment of ASTEC-Na fuel performance 
 
 
 Gap Heat Transfer (Coolant Temperature) 
 
 Fission Gas Behaviour 
 
 Fuel Thermal-Mechanical Behavior (Axial Fuel Expansion, Melting Limits) 
 
 Clad Mechanical Behavior (Clad Deformation) 
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Gap Heat Transfer (Coolant Temperature) 
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Gap Heat Transfer (Coolant Temperature) 
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Fission Gas Behaviour 
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Fuel Thermal-Mechanics (Axial Fuel Expan.) 
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Fuel Thermal-Mechanics (Melting Limits) 
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Clad Mechanical Behavior (Clad Deform.) 
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E7 test 
  ASTEC-Na IRSN SAS-SFR 
Failure Time (ms) 449 468 
Location of failure (cm BFC) 39,4 47,7 
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Publications 
 
 First Analysis of AGSO, LT2 and E9 CABRI Tests with the new SFR Safety Code ASTEC-Na. Perez-
Martin, S., Bandini, G., Matuzas, V., Buck, M., Girault, N. Proceedings of ICONE-23, 3th 
International Conference on Nuclear Engineering, May 17-21, 2015, Chiba, Japan 
 
 Analysis of the E7 CABRI Experiment, a Structured Top Transient in Restrained Conditions with 
SAS-SFR code. Perez-Martin, S., Pfrang, W. Proceedings of ICONE-23, 3th International Conference 
on Nuclear Engineering, May 17-21, 2015, Chiba, Japan 
 
 On-going activities in the European JASMIN project for the development and validation of ASTEC-
Na safety simulation code. Girault, N., Cloarec , L., Herranz, L., Bandini, G., Perez-Martin, S., 
Ammirabile., L. Proceedings of ICAPP 2015, May 03-06, 2015 – Nice, France 
 
 Analysis of High Burn-up Annular Fuel Pin Behavior Under a CABRI Transient Over Power with the 
SAS-SFR Code. Sara Perez-Martin, Werner Pfrang. ICAPP 2016, April 17 - 20, 2016, San Francisco 
 
20 JASMIN Workshop, 19th May 2016, Aix-en-Provence 
ASTEC-Na code performance 
 
Models Implemented Validation 
Fission Gas Release  ≃ 
Fuel-Cladding Gap Heat Transfer  ≃ 
Axial Fuel Expansion  ≃ 
Fuel melting  ≃ 
Cavity formation  ≃ 
In-pin fuel motion  ≃ 
SFR cladding mechanical 
behavior 
 
(new models 
available) 
≃ 
Cladding failure criteria 
 
(new models 
available) 
≃ 
Fuel Coolant Interaction   
Fuel relocation outside the pin   
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Future Development 
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Summary 
 A variety of activities supporting the development and validation of ASTEC-Na fuel pin 
thermal-mechanical models: 
 
 SFR cladding mechanical models suited for SCANAIR/ASTEC-Na environment 
 Code-to-Experiment and code-to-code comparison for in-pile tests 
 Sensitivity studies of ASTEC-Na correlations and model parameters 
 
 Model Improvements in the ASTEC-Na versions: 
 
 V1.1 (2014) 
 V2.0 (October 2015): clad failure criterion, in-pin fuel motion, new materials properties. 
 V2.1 beta (March 2016): Resolution of calculation convergence problems, fuel hydrostatic behaviour for 
high temperatures, additional model for clad rupture (“strain” from SCANAIR) 
 V2.1 (June 2016): Improved model for clad mechanical behaviour and rupture (from initial CIEMAT’s model 
for 316 SS ) 
 
